We studied the role of the sodium-dependent Pi co-transporters (NPT), which are a widely-recognized regulator of cellular Pi homeostasis, and its downstream events in chondrogenesis using Hyp mice, the murine homologue of human XLH. Hyp mice showed reduced apoptosis and mineralization in hypertrophic cartilage. Hyp chondrocytes in culture displayed decreased apoptosis and mineralization compared with wild-type (WT) chondrocytes, while glycosaminoglycan synthesis, an early event in chondrogenesis, was not altered. Expression of the type III NPT Pit-1 and Pi uptake were diminished and intracellular ATP levels were also reduced in parallel with decreased caspase-9 and caspase-3 activity in Hyp chondrocytes. The competitive NPT inhibitor phosphonoformic acid (PFA) and ATP synthesis inhibitor 3-bromopyruvate (3-BrPA) disturbed endochondral ossification with reduced apoptosis in vivo and suppressed apoptosis and mineralization in conjunction with reduced Pi uptake and ATP synthesis in WT chondrocytes. Overexpression of Pit-1 in Hyp chondrocytes reversed Pi uptake and ATP synthesis and restored apoptosis and mineralization. Our results suggest that cellular ATP synthesis consequent to Pi uptake via Pit-1 plays an important role in chondrocyte apoptosis and mineralization and that chondrogenesis is ATP-dependent.
Disturbed endochondral ossification in X-linked hypophosphatemia (XLH) indicates an involvement of phosphate (Pi) in chondrogenesis.
We studied the role of the sodium-dependent Pi co-transporters (NPT), which are a widely-recognized regulator of cellular Pi homeostasis, and its downstream events in chondrogenesis using Hyp mice, the murine homologue of human XLH. Hyp mice showed reduced apoptosis and mineralization in hypertrophic cartilage. Hyp chondrocytes in culture displayed decreased apoptosis and mineralization compared with wild-type (WT) chondrocytes, while glycosaminoglycan synthesis, an early event in chondrogenesis, was not altered. Expression of the type III NPT Pit-1 and Pi uptake were diminished and intracellular ATP levels were also reduced in parallel with decreased caspase-9 and caspase-3 activity in Hyp chondrocytes. The competitive NPT inhibitor phosphonoformic acid (PFA) and ATP synthesis inhibitor 3-bromopyruvate (3-BrPA) disturbed endochondral ossification with reduced apoptosis in vivo and suppressed apoptosis and mineralization in conjunction with reduced Pi uptake and ATP synthesis in WT chondrocytes. Overexpression of Pit-1 in Hyp chondrocytes reversed Pi uptake and ATP synthesis and restored apoptosis and mineralization. Our results suggest that cellular ATP synthesis consequent to Pi uptake via Pit-1 plays an important role in chondrocyte apoptosis and mineralization and that chondrogenesis is ATP-dependent.
Endochondral ossification is critical to the development and growth of mammalians. The process begins with condensation of undifferentiated mesenchymal cells and these cells differentiate into proliferating chondrocytes which express type II, type IX, type XI collagen and sulfated glycosaminoglycans (GAG) (1) . Proliferating chondrocytes further differentiate into hypertrophic chondrocytes expressing type X collagen, undergo apoptosis, mineralize and ultimately replaced by bone. Disturbance of the endochondral ossification leads to a variety of skeletal disorders.
The genetic disease X-linked hypophosphatemia (XLH) is the most common form of inherited rickets in humans and is related to the dominant disorder of phosphate (Pi) homeostasis (2) . XLH is shown to be caused by inactive mutations of the PHEX gene and characterized by hypophosphatemia secondary to renal Pi wasting, growth retardation due to disturbed endochondral ossification, osteomalacia resulting from reduced mineralization and abnormally-regulated vitamin D metabolism (3) . Hyp mice also display similar biochemical and phenotypic abnormalities with human XLH including hypophosphatemia, osteomalacia and skeletal abnormalities. Hyp mice thus are a mouse homologue of the human XLH (4). Previous studies reported that Hyp mice exhibited disorganized hypertrophic cartilage with reduced apoptotic chondrocytes and hypomineralization (5) . We have previously reported that osteoclast number was decreased in Hyp mice compared with wild-type (WT) mice and high-Pi diet partially restored this, showing that Pi influences osteoclastogenesis and suggesting this Pi effect on osteoclastogenesis may be associated with the pathogenesis of abnormal skeletogenesis in Hyp mice (6) . However, it remains unclear whether disturbed Pi homeostasis influences endochondral ossification leading to abnormal skeletogenesis in Hyp mice. In this context, it is noted that intracellular Pi levels decrease and extracellular Pi 2 levels prominently increase from the proliferating to the hypertrophic zone during chondrogenesis (7) (8) (9) (10) , suggesting that cellular Pi levels are associated with chondrocyte differentiation.
Cellular Pi levels are controlled by the sodium-dependent Pi co-transporters (NPT) (11) . Previous studies reported that the type III NPT (Pit-1) was expressed in hypertrophic chondrocytes during endochondral ossification in mice (12) and that the expression of the type IIa NPT (Npt2a) and Pit-1 was also detected in chick chondrocytes (13) . Moreover, it has been demonstrated that Pi modulates chondrocyte differentiation (14) (15) (16) (17) (18) (19) and apoptosis (13, 20) .
Based on these earlier results, we hypothesized that the NPT/Pi system plays a critical role in the regulation of chondrocyte differentiation. We found that Pit-1 expression in chondrocytes is decreased in Hyp mice compared to WT mice and that Pit-1 regulates apoptosis and mineralization in chondrocytes through modulating intracellular ATP synthesis and apoptotic signaling activity. On the other hand, Hyp chondrocytes showed no changes in GAG synthesis, which is an early event in chondrogenesis. Our findings suggest that ATP synthesis mediated by Pi influx via Pit-1 is critical in the regulation of late chondrogenesis including apoptosis and mineralization and that the differentiation of cartilage is an ATP-dependent event.
EXPERIMENTAL PROCEDURES
Animals -All mice used were of the C57BL/6J strain. Normal mice were purchased from Nihon-Dobutsu Inc. (Osaka, Japan). Hyp mice were initially obtained from The Jackson Laboratory (Bar Harbor, ME), and were produced by cross-mating homozygous Hyp females (Hyp/Hyp) to hemizygous Hyp males (Hyp/Y). All animal experiments were performed according to the guideline of the Institutional Animal Care and Use Committee of Osaka University Graduate School of Dentistry.
Isolation and culture of mouse growth plate chondrocytes -Growth plate chondrocytes were isolated from the ribs of 4-week-old normal and Hyp mice by sequential digestion with 0.2% trypsin (Invitrogen, Carlsbad, CA) for 30 minutes and 0.2% collagenase (Wako Pure Chemical Industries Ltd. Osaka, Japan) for 3 hours as previously report (21) . Isolated cells were plated onto 100-mm tissue culture dishes at a density of 1x10 6 Measurement of Na-dependent Pi uptake -Assay for Na-dependent Pi uptake by growth plate chondrocytes was performed essentially as described (22) . Briefly, confluent cells cultured in 24 well Costar microtiter dishes were incubated in 2 ml of uptake solution (150 mmol/L NaCl, 1.0 mmol/L CaCl 2 , 1.8 mmol/L MgSO 4 , 10 mmol/L HEPES, pH 7.4) at 37°C for 5 min. Transport was then initiated by replacing the uptake solution with fresh uptake solution (2 ml), supplemented with 0.1 mmol/L KH 2 PO 4 , and containing 3 μCi/mL of KH 2 32 PO 4 (MP Biomedicals Inc, Irvine, CA). Cells were then incubated for 5 min at 37°C, and the reaction was stopped by the addition of ice-cold uptake solution supplemented with 150 mmol/L choline chloride substitution for NaCl. The same solution was then used to wash the cells three times (2 ml per wash), dissolved in 0.2 N NaOH, and the 32 P activity was counted on a scintillation counter. As a control, Na-independent Pi transport was measured in the same way, except that NaCl was replaced by choline chloride in the uptake solution. Data were expressed as nanomoles of Pi per milligram of cellular protein per 5 min and Na-dependent Pi transport was calculated by subtracting Na-independent Pi transport from total Pi transport.
Alcian blue staining -Cell layers in 24-well plates were fixed with 3.7% formaldehyde for 10 minutes and with 70% ethanol for 5 minutes at room temperature. After fixation, cells were incubated with 5% acetic acid (pH 1.0 adjusted with HCl) for 5 minutes and stained with 1% alcian blue dye (Wako Pure Chemical Industries Ltd.) in 5% acetic acid for 10 minutes. The alcian blue staining was quantified using an NIH Image 1.63 software.
Alizarin red staining -Cell layers in 24-well plates were fixed with 3.7% formaldehyde for 10 minutes and with 95% ethanol for 10 minutes at room temperature. After fixation, mineralized nodules were stained with 1% alizarin red-S (Wako Pure Chemical Industries Ltd.) at pH 6.4 for 10 minutes at room temperature. The stained samples were washed three times with water and then air dried.
The alizarin red staining was quantified using an NIH Image 1.63 software.
Treatment with NPT inhibitor -In vitro:
Chondrocytes were treated with phosphonoformic acid (PFA or foscarnet, Sigma), which is a competitive inhibitor of NPT (23) , at concentrations of 10 -5 M to 10 -3 M in the differentiation medium from day 1 to day 7. In vivo: Mice received PFA as described (24) . PFA injection (ip, 1,000 mg/kg body weight) was started at 21-day-old and daily injected for 10 days into C57BL/6J mice. Histological analysis was performed at 31-day-old. Control mice received vehicle PBS.
Knockdown of Npt2a and Pit-1 by siRNAChondrocytes were seeded at a density of 5x10 5 cells in 100-mm tissue culture dishes in α-MEM supplemented with 10% FCS and 2 mmol/L L-glutamine. The sequences of Stealth RNAi duplex oligoribonucleotides for mouse Npt2a and mouse Pit-1 are available on request. Npt2a-targeted, Pit-1-targeted, or negative control (medium GC, siNEGATIVE, Invitrogen) Stealth RNAi duplex oligoribonucleotides was added to 1 mL serum-free Opti-MEM I Reduced-Serum Medium (Invitrogen) in a final concentration of 24 nM respectively. In a separate tube 20 μL Lipofectamine RNAiMAX (Invitrogen) were diluted in 1 mL serum-free Opti-MEM I Reduced-Serum Medium. After adding the siRNA solution to the Lipofectamine solution, the final transfection mixture was incubated for 20 min at room temperature. This transfection mixture was applied to the cells. After 48 hours, RNA extraction was performed for RT-PCR and transfected chondrocytes were plated onto 24-well plates or 96-well plates to determine Pi-transport, intracellular ATP levels, caspase activity and apoptosis.
Pit-1 overexpression -The cDNA was subcloned into the 5'-XhoI-BamHI-3' site of pcDNA3.1/Zeo (Invitrogen). Cells were transfected using FuGENE™-6 (Roche Diagnostics Inc) according to the manufacturer's protocol. After 48 hours of transfection, RNA extraction was performed for RT-PCR or transfected chondrocytes were re-plated onto 24-well plates or 96-well plates to determine Pi-transport, intracellular ATP levels, caspase activity and apoptosis. The cDNA for mouse Pit-1 in the plasmid pBluescript was a generous gift of Dr. Kenichi Miyamoto (University of Tokushima Graduate School, Tokushima, Japan).
Histology and TUNEL staining -Tibiae were harvested, washed with PBS, fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight, decalcified in 4.13% EDTA at room temperature for 2 weeks, and embedded in paraffin. Four-micrometer-thick sections were made and stained with hematoxylin and eosin. Apoptotic cells were identified by using the DeadEnd Fluorometric TUNEL System (Promega Corp.). After treatment with 10 mg/mL proteinase K for 10 min at room temperature, sections were incubated with rTdT incubation buffer for 1 hour at 37°C, rinsed, counterstained with 1 μg/mL 4',6-Diamidino-2-phenylindole (DAPI, Vector Laboratories, Ltd., Burlingame, CA) and mounted with Fluoromount-G (Southern Biotechnology Associates Inc, Birmingham, AL). The green TUNEL emission was analyzed under fluorescein filter set to view the green fluorescence of fluorescein at 520 nm and blue DAPI at 460 nm.
Measurement of apoptotic cell death -DNA fragmentation was measured using Cell Death Detection ELISA PLUS kit (Roche Diagnostics Inc), which detects the cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes) by photometric enzyme-immunoassay. Briefly, after differentiation of chondrocytes in 96-well plates, cell lysates were used for ELISA procedure, following the manufacture's protocol. DNA fragmentation was quantified at 405 nm. Results were normalized to cellular protein concentration.
Measurement of caspase-9 and caspase-3 activityActivity of caspase-3 and caspase-9 was measured using the Caspase-Glo 3/7 Assay kit (Promega) and the Caspase-Glo 9 Assay kit (Promega) according to the manufacturer's instructions. Chondrocytes were cultured at a density of 5 x 10 4 cells/well for 5 days in 96-well plates in the differentiation medium and processed for caspase-9 and caspase-3 activity assays. The luminescence was measured using a luminometer (TD-20/20, Tuner Designs, Sunnyvale, CA). Results were normalized to cellular protein concentration.
Measurement of intracellular ATP levelsIntracellular ATP levels were measured by using ATP Assay kit (Calbiochem, Darmstadt, Germany). This assay utilizes luciferase to catalyze the formation of light from ATP and luciferin. Luminescence was measured using a TD-20/20 luminometer. Chondrocytes were cultured at a density of 5 x 10 4 cells/well for 24 hours in 24-well plates and processed for ATP bioluminescence assays. Results were normalized to cellular protein concentration.
Treatment with ATP synthesis inhibitor -In vitro:
3-bromopyruvate (3-BrPA, Sigma), a strong alkylating agent that abolishes cell ATP production via the inhibition of both glycolysis and oxidative phosphorylation (25) (26) (27) , was added at 10 -6 M~10 -5 M in the differentiation medium from day 1 to day 7. In vivo: 3-BrPA (20 μg/kg of body weight) was intraperitoneal injected daily for 10 days into C57BL/6J mice. Control mice received vehicle PBS.
Statistical Analysis -Data were presented as mean +/-SEM. Raw data were analyzed by Mann-Whitney's U test or one-way analysis of variance followed by a post hoc test (Fisher's projected least significant difference) (StatView, SAS Institute Inc., Cary, NC) with a significance level of p < 0.05.
RESULTS
Reduced apoptosis and mineralization in growth plate cartilage in Hyp mice -It has been reported that apoptosis is a prerequisite to mineralization of chondrocytes (28) . Previous studies including ours have reported that the growth plate cartilage in Hyp mice is hypomineralized (5,6). We, therefore, examined apoptosis in the growth plate cartilage in Hyp mice compared to WT mice. Histological examination revealed that hypertrophic cartilage was elongated and disorganized in Hyp mice (Figure 1 A, left) . In conjunction with this, TUNEL staining showed decreased apoptosis in hypertrophic cartilage in Hyp mice ( Figure 1A , right and Figure 1B) . Consistent with these in vivo results, chondrocytes isolated from Hyp mice (Hyp chondrocytes) in culture showed decreased apoptosis assessed by DNA fragmentation using a commercially-available ELISA kit ( Figure 1C ) and mineralization determined by alizarin red staining ( Figure 1D, bottom) . Quantification of alizarin red staining was shown in Figure 1F . However, GAG synthesis that takes place at an early stage of chondrogenesis was not altered in Hyp chondrocytes as determined by alcian blue staining ( Figure 1D , top) Alcian blue staining was quantified in Figure 1E .
Cellular events involved in reduced apoptosis in
Hyp chondrocytes -Since activation of caspase-9 and caspase-3 is an important step that leads to apoptosis, the activity of caspase-9 and caspase-3 was next determined in WT and Hyp chondrocytes in culture. The activity of caspase-9 ( Figure 2A ) and caspase-3 ( Figure 2B ) was significantly decreased in Hyp chondrocytes. Adenosine triphosphate (ATP) has been reported to be critical in the activation of caspase-9 and caspase-3 (29, 30) . Accordingly, we determined intracellular ATP levels in WT and Hyp chondrocytes and found that intracellular ATP levels in Hyp chondrocytes were significantly reduced compared with WT chondrocytes ( Figure 2C ). Collectively, these results suggest that decreased ATP levels impaired caspase signals and following apoptosis in Hyp chondrocytes.
Disturbed Pi homeostasis in Hyp chondrocytes
-It has been described that Pi (polyphosphate) is a source of ATP (31) . Accordingly, we next examined whether Pi uptake was changed in Hyp chondrocytes. As expected, we found that Pi uptake was significantly less in Hyp chondrocytes than WT chondrocytes ( Figure 3A) . Since cellular Pi uptake is under the control of NPT (11), NPT expression in Hyp chondrocytes was subsequently determined. RT-PCR showed that the type III NPT Pit-1 expression was decreased in Hyp chondrocytes ( Figure 3B ) and real-time PCR demonstrated Pit-1 expression was reduced at early stages of chondrocyte culture ( Figure 3C ). Consistent with our results, previous studies also reported that an increase in Pit-1 expression at early stage was associated with late chondrocyte differentiation (16, 18) . On the other hand, there was no difference in the type II Npt2a expression between WT and Hyp chondrocyte ( Figure 3B and Figure 3D ). The type I Npt1 expression was not detected in WT and Hyp chondrocytes ( Figure 3B ). These results suggest that Pi uptake via Pit-1 is specifically involved in the regulation of chondrogenesis including apoptosis and mineralization.
Suppression of chondrocyte differentiation by NPT
inhibitor -To verify whether a decrease in Pi uptake due to reduced Pit-1 expression is responsible for a reduction in ATP levels in Hyp chondrocytes, we determined the effects of phosphonoformic acid (PFA or foscarnet), which is a competitive inhibitor of Pi uptake via NPT (23), on intracellular ATP levels. PFA (10 -5 -10 -3 M) reduced Pi-uptake in chondrocytes in a dose-dependent manner (data not shown). PFA (10 -5 M) profoundly reduced intracellular ATP levels ( Figure 4A ). Of note, PFA treatment caused disorganization of growth plate cartilage ( Figure 4B , left) and significantly decreased the number of TUNEL-positive chondrocytes in the hypertrophic cartilage ( Figure  4B , right and Figure 4C ) in a similar manner to those seen in Hyp mice. Consistent with these in vivo results, PFA markedly inhibited mineralization of chondrocytes in a dose-dependent manner ( Figure 4D , bottom and 4E), while GAG synthesis was not affected by PFA treatment (Figure 4D, top) . Furthermore, PFA also inhibited caspase-9 ( Figure   4F ) and caspase-3 activity ( Figure 4G ). We determined serum Pi levels in PFA-treated mice. There was a trend of decreased serum Pi levels in PFA-treated mice but it was not significantly different ( Figure 4H ). The results are consistent with the notion that Pi uptake via Pit-1 is closely associated with late chondrogenesis including apoptosis and mineralization through reducing ATP synthesis. These results also suggest an important role for intracellular Pi over extracellular Pi in the regulation of apoptosis and ATP synthesis in chondrocytes.
Suppression of chondrocyte differentiation by NPT siRNA -To further and more specifically verify the role of Pit-1 on chondrocyte differentiation, we performed knock-down experiments using small interfering RNA (siRNA) for Pit-1. As control, Npt2a was also knocked-down. siPit-1 and siNpt2a profoundly reduced Pit-1 and Npt2a mRNA levels in WT chondrocytes, respectively ( Figure 5A ). Pit-1 knock-down by siPit-1 significantly decreased Pi-uptake ( Figure 5B ), intracellular ATP levels ( Figure 5C ), caspase-9 ( Figure 5D ) and caspase-3 activity ( Figure 5E ). In parallel with these, apoptosis ( Figure 5F ) and mineralization ( Figure  5G and 5H) were also suppressed. In contrast, knock-down of Npt2a by siNpt2a had no effects on apoptosis and mineralization and other determinations ( Figure 5B , 5C, 5D, 5E, 5F, 5G, and 5H). These data suggest that Pit-1 specifically controls Pi uptake and following cascades of ATP-dependent caspase signaling, apoptosis and mineralization in chondrocytes.
Recovery of differentiation in Hyp chondrocytes by
Pit-1 overexpression -As an alternative approach to confirm a critical role of Pit-1 in apoptosis and mineralization in chondrocytes, we next examined the effects of Pit-1 overexpression on Hyp chondrocytes. Pit-1 overexpression significantly increased Pi uptake ( Figure 6A ) and intracellular ATP levels ( Figure 6B ) in Hyp chondrocytes. Furthermore, Pit-1 overexpression also stimulated caspase-9 ( Figure 6C ) and caspase-3 activity ( Figure 6D ), apoptosis ( Figure 6E ) and mineralization ( Figure 6F and 6G). WT chondrocytes also showed significantly increased Pi uptake ( Figure 6A ), intracellular ATP levels ( Figure  6B ), caspase-9 ( Figure 6C ) and caspase-3 activity ( Figure 6D ), apoptosis ( Figure 6E ) and mineralization ( Figure 6F and 6G) by Pit-1 overexpression. These results further suggest that Pit-1 is critical in the regulation of Pi uptake and following cascades of ATP-dependent caspase signaling, apoptosis and mineralization in chondrocytes.
Suppression of chondrocyte differentiation by ATP synthesis inhibitor -To further examine the role of intracellular ATP in chondrocyte differentiation, we studied the effects of the ATP synthesis inhibitor 3-bromopyruvate (3-BrPA). 3-BrPA (10 -6 M) significantly reduced intracellular ATP levels in WT chondrocytes in culture (data not shown). Caspase-9 ( Figure 7A ) and caspase-3 activity ( Figure 7B ) were also significantly decreased in 3-BrPA-treated chondrocytes. More importantly, 3-BrPA treatment significantly decreased the number of TUNEL-positive chondrocytes in the hypertrophic zone in mice ( Figure 7C and Figure  7D ). 3-BrPA inhibited chondrocyte mineralization in a dose-dependent manner ( Figure 7E and 7F) . However, GAG synthesis was not affected by 3-BrPA ( Figure 7E ). The serum Pi levels in 3-BrPA-treated mice were not significantly different from control mice (Figure 7G ), suggesting an important role for intracellular Pi over extracellular Pi. These results suggest that ATP synthesis is important for chondrocytes to undergo apoptosis via caspase signaling and advance to mineralization.
DISCUSSION
In the present study, we explored the role of Pi/NPT system in chondrogenesis using Hyp mice compared with WT mice. We found that Hyp mice exhibited a widened and disorganized hypertrophic zone with reduced chondrocyte apoptosis compared with WT mice. In addition, PFA (a competitive inhibitor of Pit-1) or 3-BrPA (an ATP synthesis inhibitor) markedly caused elongation and disorganization of hypertrophic cartilage with reduced apoptosis in WT mice in a similar manner to Hyp mice. It is noted that the disorders in the hypertrophic zone were most severe in Hyp mice compared with PFA-or 3-BrPA-treated mice, despite that the number of TUNEL-positive cells are comparable in these mice. We postulate that the disorders in Hyp mice are congenital and irreversible and thus most severe, whereas the disorders seen in PFA-and 3-BrPA-treated mice are due to transient exposure of these agents and reversible and thus less severe.
Consistent with these in vivo results, Hyp chondrocytes in culture exhibited decreased activity of the apoptotic signaling including caspase-9 and caspase-3 and apoptosis and mineralization following to reduced Pi uptake and cellular ATP synthesis. Furthermore, PFA or 3-BrPA diminished caspase-9 and caspase-3 activity, apoptosis and mineralization in conjunction with a reduction in Pi uptake and ATP synthesis in WT chondrocytes. Hyp primary chondrocytes displayed a decrease in Pit-1 (type III NPT) mRNA expression compared with WT chondrocytes, while there was no difference in type IIa NPT mRNA expression between WT and Hyp chondrocytes. WT and Hyp chondrocytes expressed no type I NPT mRNA. Meanwhile, GAG synthesis, which is an early event in chondrogenesis, was not reduced in Hyp chondrocytes and PFA and 3-BrPA or knockdown of Pit-1 failed to decrease GAG synthesis in WT chondrocytes. Pit-1 overexpression restored apoptosis and mineralization in Hyp chondrocytes. Taken together, these results suggest that Pi uptake via Pit-1 and consequent ATP synthesis are critical in the regulation of late chondrogenesis including apoptosis and mineralization. These results also suggest that the disruption of cellular Pi homeostasis causes abnormal endochondral ossification due to a reduction of ATP synthesis in Hyp mice. In support of our study, Zalutskaya et al (32) have recently described that Pi activates mitochondrial apoptotic pathways and promotes endochondral ossification.
ATP synthesis and chondrogenesis -A notable and novel finding obtained in this study is that 3-BrPA inhibits apoptosis and mineralization in growth plate hypertrophic cartilage in vivo and primary chondrocytes in vitro. 3-BrPA is an alkylating agent that decreases cellular ATP via inhibition of hexokinase in glycolysis and is shown to promote cancer cell death through activation of mitochondrial pathway of apoptosis or necrosis (33) . Of note, ATP-depleting effect of 3-BrPA is prominent only in tumor cells but not apparent in non-transformed cells (34) . Hence, it has been proposed that 3-BrPA could be an anti-cancer agent for varieties of cancers. In addition to these effects on cancers, our results show that 3-BrPA inhibits the differentiation of cartilage, suggesting that ATP generation is also necessary for non-transformed chondrocytes to differentiate and that chondrogenesis is thus an energy-dependent biological event.
Decreased Pit-1 expression and Hyp skeletal phenotype -Decreased Pi-uptake in Hyp chondrocytes is likely primarily due to reduced Pit-1 mRNA expression. Type IIa NPT expression was not diminished in Hyp chondrocytes and type I NPT was not expressed in chondrocytes. Earlier reports described that disturbed endochondral ossification was not rescued by Pi supplementation in Hyp mice (35) (36) (37) , suggesting that intrinsic factors are involved. Miao et al (5) showed that reduced expression of PHEX and MMP-9 was associated with cartilage abnormalities in Hyp mice. Our results suggest that Pit-1 is one of these intrinsic factors responsible for the abnormal chondrogenesis seen in Hyp mice as well.
Regulation of Pit-1 expression -The mechanism underlying down-regulation of Pit-1 expression in Hyp chondrocytes is unknown. Recent studies have reported that stanniocalcin 1 (STC1) increases Pit-1 mRNA expression in osteoblasts (38) and STC1 and STC2 have been shown to regulate Pi-uptake in chicken chondrocytes (39) . STC1 stimulates renal Pi uptake and increases Pit1 expression in osteoblasts (40) , whereas STC2 inhibits the Pit1 expression and renal Pi uptake (38) . Thus, STC1 and STC2 have an opposite action in the regulation of Pit-1 expression. Therefore, it is intriguing to examine whether STC1 or STC2 is involved in the Pit-1 expression in chondrocytes. In preliminary experiments, we determined the expression of Stc1 and Stc2 mRNA in WT and Hyp chondrocytes using RT-PCR and real-time PCR. The Stc2 mRNA was expressed in both WT and Hyp chondrocytes at the same level (data not shown). However, the expression of Stc1 mRNA was decreased in Hyp chondrocytes compared with WT chondrocytes (data not shown). These results suggest that STC1 but not STC2 regulates Pit-1 expression in chondrocytes.
Involvement of fibroblast growth factor23 -Fibroblast growth factor 23 (FGF23) is a hormone that regulates serum Pi levels (41) . FGF23 requires Klotho for its signaling as the co-receptors in addition to the canonical FGFR1(IIIc) (42, 43) . Mice transgenic for FGF23 displayed a reduction in Npt2a expression in the renal proximal tubules (44) , indicating that FGF23 is a negative regulator of Npt2a expression, raising the possibility that Klotho-dependent FGF23 signaling regulates Pit-1 expression in chondrocytes as well. FGF23 expression was predominantly localized in osteoblasts, cementoblasts, and odontoblasts, with a sporadic expression in some chondrocytes, osteocytes and cementocytes (45) . However, we were not able to demonstrate FGF23 expression in primary mouse chondrocytes by RT-PCR. Further studies are needed to elucidate the relationship between FGF23 signaling and Pit-1 expression in cartilage.
In conclusion, we have found in the present study that chondrogenesis is modulated by cellular Pi uptake via Pit-1 and cellular ATP synthesis and thus is a biological event that depends on mitochondrial energy generation. We believe that these findings should provide us with a novel concept and alternative approaches to study the cellular differentiation that occurs in physiological conditions and also to analyze the skeletal abnormalities seen in congenital hypophosphatemic disorders such as XLH.
FOOTNOTES
We thank Dr. Kenichi Miyamoto and Dr. Hiroko Segawa (University of Tokushima Graduate School, Tokushima, Japan) for the kind gift of mouse Pit-1 cDNA. This work was partly supported by the 21st Century COE program entitled "Origination of Frontier BioDentistry" at Osaka University Graduate School of Dentistry, supported by the Ministry of Education, Culture, Sports, Science and Technology and by Grants-in-Aid for Scientific Research from the Japanese Society for the Promotion of Science (T.Y. #A202290100).
The abbreviations used are: XLH, X-linked hypophosphatemia; Pi, phosphate; GAG, glycosaminoglycans; Npt2a, type IIa sodium-dependent Pi transporter; RT-PCR, Reverse transcription-polymerase chain reaction; PFA, phosphonoformic acid; ip, intraperitoneal injection; DAPI, 4',6-Diamidino-2-phenylindole; 3-BrPA, 3-Bromopyruvate; WT, wild-type; STC, Stanniocalcin; FGF23, fibroblast growth factor 23; ATPase, adenosine triphosphatase. 
